As introduced species expand their ranges, they often encounter differences in climate which are 15 often correlated with geography. For introduced species, encountering a geographically variable 16 climate sometimes leads to the re-establishment of clines seen in the native range. However, 17 clines can also be caused by neutral processes, and so it is important to gather additional 18 evidence that population differentiation is the result of selection as opposed to non-adaptive 19 processes. Here, we examine phenotypic and genetic differences in ragweed from the native 20 (North America) and introduced (European) ranges. We used a common garden to assess 21 phenotypic differentiation in size and flowering time in ragweed populations. We found 22 significant parallel clines in flowering time in both North America and Europe. Height and 23 branch number had significant clines in North America and, while not statistically significant, 24 the patterns in Europe were the same. We used SNP data to assess population structure in both 25 ranges and to compare phenotypic differentiation to neutral genetic variation. We failed to detect 26 significant patterns of isolation by distance, geographic patterns in population structure, or 27 correlations between the major axes of SNP variation and phenotypes or latitude of origin. We 28 conclude that the clines seen for flowering time and size are most likely the result of adaptation. 29
Introduction 30
Invasive species are both biological disasters and curiosities. In addition to the dual economic 31 and ecological damage introduced plants can cause when they proliferate, they also offer 32 opportunities to study evolutionary ecology during colonization (Callaway & Maron 2006) . For 33 example, invasions provide ideal systems to study the effects of reproductive isolation, how 34 dispersal affects species distributions and the effect of a new individual species on an ecosystem 35 (Sax et al. 2007 ). Evolutionary biologists have garnered insights from introduced species for 36 decades by studying patterns of variation, interactions with native species, and comparing native 37 and introduced populations (Huey et al. 2005) . Clines in introduced populations offer an 38 opportunity to study parallel evolution, the rate and predictability of local adaptation, and 39 whether phenotypic divergence is due to selection or stochastic, non-adaptive forces (Huey et al. 40 2005; Samis et al. 2012; Colautti & Lau 2015) . Here, we use a field common garden experiment 41 and genotyping-by-sequencing (GBS) to investigate clines in introduced and native ragweed 42 populations with the goal of distinguishing between adaptive and non-adaptive mechanisms 43 underlying clinal variation. 44
Incorporating an evolutionary perspective into invasion biology is critical to understanding the 45 course an invasion has taken and how it might continue to unfold. For example, the capacity of 46 an introduced population to adapt to its new climate is important for its capacity to persist and 47 spread (Colautti & Barrett 2013). Adaptation to climate variables often lead to geographic 48 differentiation, as climate and geography are strongly correlated (Endler 1977) . The common 49 pattern of a gradient in traits or alleles over a geographic range (Huxley 1938 ) is often 50 interpreted as evidence of adaptive differentiation. Clines can be found in both Mendelian and 51 quantitative traits and there are hundreds of examples across a wide variety of taxa (Campitelli 52 2013). Clines in introduced species, especially those that mirror geographic variation in the 53 native range, are often perceived as evidence that introduced populations have adapted to their 54 new environments (Samis et al. 2012 ; Colautti and Barrett 2013). However, processes other than 55 adaptation can also be responsible for both phenotypic and genetic clines, and need to be 56 controlled for (Keller and Taylor 2008) . For example, phenotypic clines observed in situ could 57 be caused by plastic responses to environmental variables, especially in plant species (Huxley 58 1938) , and neutral processes present through colonization could also produce clines (Vasemägi 59 2006; Keller et al. 2009; Santangelo et al. 2018). 60 Distinguishing between the possible forces underlying clines can be achieved in several ways. 61 Plasticity can be excluded by using a common garden to ensure that any differences between 62 populations have a genetic basis (Lucek et al. 2014 ). Linking clines with natural selection and 63 demonstrating a correspondence between the direction of selection and variation in phenotypes 64 can also strengthen the case that a cline is the result of adaptation (Etterson et al. 2008 ). Parallel 65 clines can also be interpreted as evidence of adaptation (Samis et al. 2012 (Gladieux et al. 2011) . In France, the epicenter of the invasion is the ragweed populations now extend north up into Poland and south into the Baltic states (Prank et 104 al. 2013) . Ragweed is considered one of the most problematic invaders in Europe: it causes 105 allergies, and is a significant agricultural weed. In Hungary, it is the most widespread weed in 106 surveys (Kiss & Béres 2006) where there were fewer than 10 families, in which case we used all available. We chose three 120 germinants from each family (one for each of three blocks) for a total of 1110 plants. Each 121 individual was randomly assigned a position within a block. We planted germinants in seedling 122 trays and kept in a greenhouse where we sprayed and bottom watered them for three weeks. At 123 the end of June 2014,we planted seedlings into a plowed field at the Koffler Scientific Reserve 124 (www.ksr.utoronto.ca; 44.803°N, 79.829°W). Blocks were subdivided into plots, each containing 125 64 plants in an 8x8 configuration, except for the final plot. We continued to remove interspecific 126 vegetation and provide the seedlings with water for four weeks after transplantation to promote 127 establishment. 128
Phenotypic traits 129
We measured final height, final number of branches, and date of first flower. Since the vast 130 majority of ragweed plants are monoecious (Bassett and Crompton 1975), we measured proxies 131 of both male and female fitness. Male reproductive effort was estimated as the total inflorescence 132 length, which is correlated with pollen production (Fumanal et al. 2007 ). We estimated female 133 reproductive output, using seed mass, which is highly correlated with seed number (r 2 =0.96, 134 p<0.001) (MacDonald and Kotanen 2010). We ran initial models including latitude and block to 135 assess if block had a significant effect on traits; block was not significant for any trait, and was 136 thus dropped in subsequent models. To test for clines in phenotypic traits, we used linear 137 regressions. For each continent, we conducted regressions for three phenotypic traits (height, 138 flowering time and branch number) and the two fitness traits on latitude. Similar results were 139 obtained using population means for traits and latitude. Unless otherwise specified below, 140 statistical analyses were conducted in R (R Development Core Team 2016). 141
Neutral markers 142
We collected leaf material from 180 ragweed plants from 26 populations (9 introduced, 17 143 native) grown in seedling trays in growth chambers at the University of Toronto. These plants 144
were from a subset of the populations used in the common garden, but were separate plants. Josephs et al. 2018). We performed PCA on SNP data from the native and introduced ranges to 180 test for correlations between major axes of SNP variation and the phenotypic traits of interest, 181 and latitude. To extract principal components from SNPs we used the R package LEA (Frichot & 182 François 2015). The vcf files were converted to geno files using the vcf2geno function. We then 183 ran PCAs of all available SNPs separately for the two continents. To determine which principal 184 components should be retained in subsequent analyses, we used Tracy-Widom tests (Patterson et 185 al. 2006 ). For each population, we calculated a PC score along each significant axis of SNP 186 variation, and then used these PC scores to test for associations with traits or geography. 187 Specifically, to determine whether axes of neutral SNP variation were related to either geography 188 or phenotype with linear regressions. For each continent, we regressed each significant principal 189 component on latitude and the three phenotypic traits.
Descriptive Population Genetic Statistics 191
To explore population genetics of the native and introduced ragweed populations, we used the 192 programs Genodive and Splitstree (Hudson 1998; Meirmans & Van Tienderen 2004) . We 193 converted vcf files for each continent, and for the entire dataset, to the genetix format and then 194 imported them into Genodive. We then used Genodive to estimate FST, population genetic 195 summary statistics (including observed and expected heterozygosity and fixation indices), and to 196 run an AMOVA to partition genetic variation between the range, population and individual 197 levels. We used Splitstree to construct a neighbornet for all the individuals (Hudson 1998 Results 203
Phenotypic traits 204
Plants from more southern latitudes flowered later and grew larger both in total height and 205 branch number (see Figure 2 ). These clines were all significant for the North American 206 populations, while only flowering time had a statistically significant association with latitude in 207
Europe (see Table 1 ). There was only one significant cline for fitness traits, with more southern 208
North American plants producing more fruits than those in more northern populations ( Figure 3 ). 209
Since more southern plants were also larger, this correlation may be driven by a relationship 210 between size and latitude. 211
Neutral markers 212
The Illumina analysis resulted in 250 033 952 total sequences which all passed a FastQC quality 213 check. We started with 258 540 SNPs across all the populations. After filtering, we had 20 843 214 sites for Europe and 28 643 for North America. Our STRUCTURE analysis indicated that the 215 European samples clustered in three groups, while the North American lines clustered in five 216 groups. In Europe, there was no obvious geographic pattern to ancestry (see Figure 4A ). In North 217 America, two populations seem distinct, but otherwise there is not much geographic structure 218 (see Figure 4B ). There was no significant isolation by distance in either continent (p-value of 219 0.84 for Europe and 0.342 for North America). Our Splitstree analysis was consistent with the 220 above results, showing populations were not clustered into distinct subgroups (Appendix Figure  221 A1). The global STRUCTURE analysis for all populations found the most support for k=5. As 222 with the by-continent analyses, little of the ancestry was geographically structured (see Appendix 223 population. Doing so for six populations for our previous work was challenging, doing so for 300 more than thirty populations would be prohibitive. Given the caveats that would be necessary 301 with this dataset (i.e. having to use PST instead of QST), we decided not to pursue this analysis 302 here. 303
Population genetics 304
Our population genetic results indicate that there is very little geographic population structure in 305 both continents. Population differentiation in neutral markers as measured by FST was low for both the native (0.0639) and invasive (0.0566) ranges. Past work on ragweed has found similarly 307 low FST values (Genton et al. 2005 North American ragweed, and found that a solitary genetic cluster was the most likely population 310 structure (Martin et al. 2016 ). Our STRUCTURE analyses showed the highest likelihoods for 311 multiple clusters, but there was not a geographic pattern to the ancestral groupings, especially for 312 the European populations. The consistent findings of low isolation by distance and population 313 structure may not be surprising given that ragweed is a wind-pollinated outcrosser (Friedman and 314 Barrett 2008). 315
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